The diversity of purple and green sulfur bacteria in the multilayered sediments of the Ebro Delta was investigated. Specific oligonucleotide primers for these groups were used for the selective amplification of 16S rRNA gene sequences. Subsequently, amplification products were separated by denaturing gradient gel electrophoresis and sequenced, which yielded a total of 32 sequences. Six of the sequences were related to different cultivated members of the green sulfur bacteria assemblage, whereas seven fell into the cluster of marine or halophilic Chromatiaceae. Six sequences were clustered with the family Ectothiorhodospiraceae, three of the six being closely related to chemotrophic bacteria grouped together with Halorhodospira genus, and the other three forming a group related to the genus Ectothiorhodospira. The last thirteen sequences constituted a cluster where no molecular isolate from microbial mats has so far been reported. Our results indicate that the natural diversity in the ecosystem studied has been significantly underestimated in the past and point out the presence of novel species not related to all known purple sulfur bacteria. Furthermore, the detection of green sulfur bacteria, after only an initial step of enrichment, suggests that -with the appropriate methodology -several genera, such as Prosthecochloris, could be established as regular members of marine microbial mats.
Introduction
Anoxygenic phototrophic bacteria, purple and green, have been isolated and characterized from a wide variety of planktonic and benthonic environments since specific enrichment protocols for particular groups were devised at the beginning of the last century [1] [2] [3] [4] . All those methods relied on the ability of these microorganisms to grow phototrophically under anoxic conditions in media containing mineral salts, sulfide and inorganic carbon [5, 6] . Moreover, taking into account the particular metabolic properties of each anoxyphototrophic population, by changing medium composition and incubation conditions, different species can be isolated and characterized using this conventional microbiological approach [7] .
Stratified ecosystems are highly heterogeneous, and therefore microbial substrates and microbial populations are distributed in microscale patches. Under such conditions, steep physical and chemical gradients establish throughout the whole vertical profile and each population will develop at its optimal situation, depending on its own physiology. As a result, a complex multilaminated structure is established, where an extensive growth of purple and green bacteria is often visible in the environment due to the high intracellular pigment content typical of this kind of microorganism. Despite the high taxonomic diversity of this group [6] , observations made microscopically show that only a few species usually dominate in natural samples [8] [9] [10] .
Microbial mat communities on the sand flats of the Ebro Delta were analyzed for the first time by Mir et al. [11] using classical microbiological methods. These mats are composed of several pigmented layers dominated by phototrophic organisms. The upper layers, brown and green in color, are dominated by oxygenic phototrophic bacteria (i.e., diatoms and cyanobacteria). Below these laminations, a pink layer, dominated by anoxygenic phototrophic bacteria, is observed. From this lower layer, different strains were isolated and characterized morphologically and physiologically. Various vacuolated bacteria, such as Thiocapsa rosea and Lamprobacter modestohalophilus, as well as nonvacuolated bacteria, such as Marichromatiun gracile, Thiocapsa roseopersicina or Ectothiorhodospira sp. were obtained in axenic cultures. In addition, green sulfur bacteria belonging to the genus Prosthecochloris were also isolated from these microbial mats, although they never constituted a lamination below the pink layer [12] .
Standard microbiological methods, based on selective enrichment and subculturing, can be problematic due to the unfeasibility of culturing a high proportion of microorganisms present in natural environments [13] . Culture-independent methods, such as analysis of total community nucleic acids extracted from an environment, allow the detection and phylogenetic identification of uncultured organisms. Denaturing gradient gel electrophoresis (DGGE) separation of 16S rRNA gene amplification products [14] has been thoroughly used for describing the genetic diversity of microorganisms in various environments. The total number of bands visualized in a denaturing gel provides an estimate of the diversity within a given environment, and sequencing of selected DGGE bands enables the identification of the organisms present. The combination of culture-dependent and -independent approaches in the analysis of an environment may result in a more detailed description of the system.
The aim of the present study is to use the molecular approach to describe the anoxygenic phototrophic sulfur bacterial diversity in microbial mats of the Ebro Delta. First, samples were observed microscopically and, then, after nucleic acid extraction from the whole community, the PCR amplified regions of the 16S rRNA gene were analyzed using DGGE. Moreover, the profiles obtained from different kinds of enrichment cultures were compared with profiles obtained from field samples to assess the most suitable approach for isolating the anoxyphototrophic bacteria dominant in the studied ecosystem.
Material and methods

Sample collection and enrichment culture preparation
Microbial mat samples were collected from two different locations in the Ebro Delta, previously described [11] . Sections of about 100 cm 2 and 35 mm diameter cores, both of these comprising the whole pigmented zone, were taken from the different sampling sites. For extractions of nucleic acids the mat samples were frozen on site with liquid nitrogen and transported on dry ice to the lab, where they were stored at À80°C until further processing. For enrichment cultures, small pieces were cut and preserved at 4°C.
Microscopical analysis
Different pigmented laminations were manually separated and aliquots from each were mounted on glass microscopic slides and examined under phase-contrast microscopy. Samples corresponding to enrichment cultures were observed by placing one drop of the suspension on an agar-coated slide [15] . Anoxygenic phototrophic bacteria were identified according to BergeyÕs Manual [5] . Photomicrographs were taken with an Olympus BH2 microscope equipped with a PM-10AK camera.
Enrichment cultures
Enrichment cultures were prepared following different protocols. On the one hand, small pieces of mat, including all pigmented layers, were minced and placed in sterile tubes containing synthetic growth medium [16] supplemented with 0.5-10% (w/v) NaCl, different nutrients (i.e., acetate or thiosulfate) and modifying sulfide concentration (0.5-8 mM). On the other hand, uniform slurry of sediment and water from the sampling site was prepared and poured into a tall transparent test tube and supplemented with CaSO 4 (0.5%) (w/v), 1 M phosphate buffer (pH 7.5) (0.1%) (v/v) and NH 4 Cl (0.1%) (w/v). The former, termed liquid enrichment, consisted of selective enrichment that favors the growth of a particular physiological type of anoxygenic phototrophic bacteria. The later, termed microcosm, is a miniature model self-contained ecosystem that aims at modeling the ecological conditions found in the Ebro delta microbial mats. Several replicates of both kinds of enrichment cultures were incubated under controlled laboratory conditions (at 23 °C, with light intensity ranging from 50 to 500 lux, using tungsten lamps and cycles from 4 to 16 h of light and from 4 to 8 h of darkness) or under natural light and room temperature.
DNA extraction and amplification of the 16S rRNA genes
From the field samples, the whole pigmented zone was sliced aseptically and used for the analysis. Cores from microcosms were taken out by injecting air with a syringe. Pink and green spots were then manually separated. In addition, growth medium overlying the sediment, also enriched in phototrophic bacteria, was treated separately. DNA from sediment samples (250 mg) was extracted using the Ultraclean e Soil DNA Kit (MoBio, Laboratories, Inc.), according to the manufacturerÕs instructions. DNA from liquid enrichments was extracted after harvesting cells by centrifugation using the same kit.
Different regions of the 16S rRNA genes were amplified using two sets of primers. The first combination, Chr986f/GC1392r, was specifically designed for Chromatiaceae and amplified a product 460 bp in length, suitable for subsequent DGGE analysis [17] . The second combination of primers used, GC341f/GSB822r, was specifically designed for green sulfur bacteria and generated a product 540 bp in length [17] . For primers 1932r and 341f, a 40 bp GC-rich clamp was attached to the 5Õ end to improve resolution of DNA fragments in the denaturing gradient [18, 19] . Amplifications were performed in a Perkin-Elmer thermal cycler using different cycling parameters depending on the primer set used, as previously described Overmann et al. [17] . PCR products were run on 2% (w/v) agarose gels and DNA concentrations were determined by comparison to the Precision Molecular Mass Standard (PMMS, Bio-Rad).
2.5. DGGE analysis of total community DNA 500 ng of PCR product was applied on a denaturinggradient gel. DGGE was carried out using a Bio-Rad DCode system as described by Schäfer and Muyzer [20] . A 6% polyacrylamide gel with 30-70% denaturant gradient was used (100% denaturant contained 7 M urea and 40% (v/v) deionized formamide), and electrophoresis was performed at 60°C with a constant voltage of 200 V for 5 h. Additionally, a 20-80% denaturant gradient was also used and electrophoresis proceeded for 18h at 100 V and 60°C. The gels were stained with ethidium bromide (0.5 lg/ml), de-stained in dH 2 O, and inspected under UV illumination with a Fluor-S-Multimage (BioRad) and photographed.
DNA fragments separated by DGGE were recovered by punching the bands with a pipette tip (Ferris, personal communication) and re-amplified.
Sequencing and phylogenetic analysis
For sequencing, the single re-amplified bands were purified after running a 1.5% (w/v) agarose gel using the QIAQuick gel extraction protocol (Qiagen, Inc.). Clean DNA was quantified and sequenced with the ABI PRISM BigDye Terminator Cycle Sequencing Kit (PE Applied Biosystems), according to the manufacturerÕs instructions. The sequencing reaction was performed in a thermal cycler (T-gradient, Biometra), according to the manufacturerÕs protocol. Sequence products were purified using 75% (v/v) isopropanol and injected into an ABI PRISM 310 Genetic Analyser (PE Applied Biosystems). All DNA fragments were sequenced with the appropriate forward and reverse primers without the GC clamp. Overlapping sequence fragments were assembled using the ABI Auto Assembler software. The sequences were first compared to those in the Gen Bank nucleotide database using Blast search [21] . New sequences were aligned to 16S rRNA sequences stored in the database of the ARB software program (http//www.mikro.biologie.tu-muechen.de). The phylogenetic trees were constructed on the basis of long (more than 1300 bp) 16S rRNA sequences using different methods integrated within the ARB software package [22] using a mask corresponding to the nucleotide positions of the 16S rRNA of Escherichia coli. Partial sequences obtained in this study were then inserted into the preestablished tree using the ARB parsimony tool and maintaining the overall tree topology without changes.
Band sequence nomenclature and accession numbers
Bands obtained from the enrichment cultures and field samples are designed by a code that indicates their origin, followed by the primer combination used, which is chr for primer combination specific to Chromatiaceae and chl for the primer set specific to green sulfur bacteria, and as well as a number that indicates the order in which they were isolated from the gel. 16S rRNA gene sequences determined in this study are available at the EMBL database under accession numbers AJ698050 through AJ698081.
Results
Microscopical characterization of field samples and enrichment cultures
Observations made by phase-contrast microscopy from field samples showed that assorted populations of purple bacteria with sulfur globules inside the cells were present in the pink layer of the Ebro Delta microbial mats ( Fig. 1(a) ). Different morphological types could be distinguished microscopically and several populations could be identified using phenotypic criteria. Small actively motile rods, 2.0-2.5 lm long and 1.0-1.2 lm wide, with sulfur globules inside the cell that were similar to M. gracile ( Fig. 1(d) ). Spherical cells, from 1.7 to 2.3 lm in diameter, with or without gas vesicles, similar to Thiocapsa genus were also observed ( Fig.  1(e) ). Actively motile spirilloid shapes, from 2.5 to 3 lm in diameter, with sulfur globules inside the cell, resembled Thiospirillum (Fig. 1(c) ). Cells corresponding to the dominant purple bacterium had an ovoid morphology, 6.0 ± 1.4 lm long and 4.2 ± 0.5 lm wide, with sulfur globules inside the cell and appeared as nonmotile irregular cell aggregates in natural samples ( Fig.  1(b) ). With reference to green bacteria, filaments from 0.9 to 1 lm in diameter resembling Chloroflexus were observed ( Fig. 1(f) ). In contrast, green sulfur bacteria could not be detected in the mat samples analyzed.
The dominant purple sulfur bacterium did not grow when liquid enrichments were used, neither after testing many concentrations of different components of the enrichment medium, such as sulfide, with or without addition of different substrates such as thiosulfate, acetate, nor after changing culture conditions (i.e., temperature, light intensity or light and dark cycles). Nevertheless, when microcosms were used, their concentration increased massively. Microscopic observation of these enrichment cultures showed that the dominant purple sulfur bacterium observed in the natural environment preferably grew attached to sediment particles forming a kind of pink biofilm that could be easily separated ( Fig. 1(g) ). Liquid overlying the sediment was also enriched in anoxyphototrophic bacteria, red or green in color, depending on growth conditions. Three of these microcosms were selected (A, B and C). In all three enrichments, pink spots were processed. Observations made microscopically showed that the large dominant anoxyphototroph predominated only in microcosms A and B ( Fig. 1(h) ).
With reference to liquid enrichments, three different pigmented cultures were analyzed. One of these, green in color, contained one dominant morphological type that consisted of ovoid cells 0.9-1.1 lm long and 0.8-0.9 lm wide ( Fig. 1(i) ). The second culture, brown in color, was dominated by ovoid shaped cells, 0.8-0.9 lm wide and 1-1.1 lm long, which formed branched chains ( Fig. 1(j) ). In the third culture, purple in color, bacillar cells, 1.9-2.2 lm wide and 2.5-4.0 lm long, with sulfur globules and with vesicles inside the cells was the most abundant morphology ( Fig. 1(k) ). Cultures enriched with M. gracile-like cells ( Fig. 1(l) ) and Thiocapsa-like cells ( Fig. 1(m) ) were also obtained, but were not analyzed in this work. Fig. 2 shows the DGGE profiles of 16S rRNA gene fragments obtained after PCR amplifications with the specific primer combination for Chromatiaceae of field samples and enrichment cultures. There were marked differences in band richness between both enrichment protocols used. The DGGE patterns corresponding to sediment from microcosms A (Fig. 2, lane 8) and B (Fig. 2, lane 7) were almost identical, but the pattern from microcosm C (Fig. 2, lane 6) was very different. Comparison of microcosm fingerprints with patterns obtained from the purple liquid enrichment (Fig. 2, lane 3) showed that the latter had a lower degree of complexity. The profiles obtained from field samples (Fig. 2, lanes 9  and 10) showed similar band richness to those observed in microcosms A and B. Table 1 shows the sequences analyzed, their origin and their closest related cultivated anoxygenic phototrophic bacterium. In all cases, dominant bands could be selected, but the isolation was sometimes not possible for certain of the fine bands. Two bands isolated from the liquid enrichment culture, purple in color, were investigated (Table 1) . From microcosms, two bands were sequenced, corresponding to microcosm C (Table  1) , and 14 additional bands were obtained from microcosm A using different denaturing conditions (Bands from Achr-a to Achr-i, 30-70%; bands from Achr-1 to Achr-5, 20-80%). Microcosm B was not analyzed, due to its high degree of similarity with A. From field samples, eight prominent bands were selected (Table 1) for both sampling sites studied.
Genetic diversity of Chromatiaceae populations
The phylogenetic affiliation of sequences obtained is shown in Fig. 3 . Bands Achr-a, b, c, d and e seemed to have a similar electrophoretic mobility to Achr-1, 2, 3, 4 and 5, respectively (data not shown). But, when phylogenetic affiliation was analyzed, only the first four clustered together. Twenty six of thirty two analyzed sequences belonged to the c-subdivision of the Proteobacteria. Two sequences, Achr-d and Achr-4, were related to Thiohalocapsa halophila (similarity of 96.61%). Sequences obtained from purple liquid enrichment, LEchr-1 and LEchr-2, were 96.61% similar to Halochromatium salexigens. Bands Cchr-1 and Cchr-2 were closely related to M. gracile. Sequence Fchr-7 was related to Marichromatium purpuratum (with a similarity of 98.07%).
Thirteen sequences were only distantly related to cultivated species (Fig. 3) . These formed a cluster and exhibited a similarity ranging from 92.76% to 97.13% with the sequence AF170773 corresponding to an uncultured c-proteobacterium. Among the nearest cultivated relatives was Dechloromarinus chlorophilus (91.16-95.47% similarity).
Six sequences were related to the Ectothiorhodospiraceae family. With reference to three of these sequences (Fchr-3, Achr-e and Achr-i), among the closest cultivated relatives were different Ectothiorhodospira species. They are, however, closely related to uncultured c-proteobacteria (AB015576 and AF424083). For the last three sequences (Achr-g, Achr-h and Fchr-4), the nearest cultivated anoxyphototrophic bacteria are different Halorhodospira species; nevertheless, these sequences were more related to Arhodomonas aquaeolei and Alkalilimnicola halodurans with similarities ranging from 95.4% to 96.5%.
Genetic diversity of green sulfur bacteria populations
The DGGE profiles of 16S rDNA fragments obtained with specific primers for green sulfur bacteria from different enrichment cultures are shown in Fig. 4 . When total DNA from field samples was used as template for amplifications with this primer combination, PCR products were never obtained. For the sediment of microcosms, the same fingerprint was observed in all samples. Only one melting type predominated (Fig. 4) . The bands obtained from microcosms A and C were sequenced (Table 1) and phylogenetic affiliation was further determined (Fig.  5) . Both sequences were 99.57% similar to the sequence of Prosthecochloris aestuarii (AJ291826).
In DGGE patterns of liquid overlying microcosm A, the number of apparent bands was higher than in the sediment. Five bands were observed, from which the two predominant (Achl-4 and Achl-5) were sequenced. Sequence Achl-5 was affiliated with the genus Chlorobium (similarity of 99.79%) and sequence Achl-4 was very similar to bands Achl-1 and Cchl-1. This, in turn, was closely related to P. aestuarii (AJ291826) (with a similarity of 99.57%).
Finally, in both liquid enrichment cultures investigated, green and brown, two bands with different electrophoretic mobility were detected. The green culture showed a band (LEchl-1) comparable to bands Achl-1 Fig. 3 . Phylogenetic tree (maximum likelihood) for sequences obtained with primers specific for Chromatiaceae. Escherichia coli and Erwinia amylovora were used as outgroups, but were pruned from the tree. The members next to the collapsed clusters indicate the number of sequences in each cluster. The 16S rRNA sequences from excised DGGE bands were placed using parsimony criteria, without changing the topology of the preestablished tree. The bar indicates 10% sequence divergence.
and Cchl-1. The sequence was closely related to P. aestuarii (AJ291826) (with a similarity of 99.57%). Sequence LEchl-2, obtained from the brown enrichment, was closely related to P. aestuarii (Y07837) (with a similarity of 99.57%).
Discussion
Differences in biodiversity between enrichment cultures and field samples
Since the development of Winogradsky columns in 1888 [23] , miniature, self-contained ecosystems such as microcosms have become very useful for the enrichment of anoxygenic phototrophic bacteria. In our study, the development of this kind of enrichment culture has proven to be a very suitable method for simulating the natural environment, in relation to maintaining high species richness and increasing its relative abundance. Furthermore, and for the first time, a massive growth of the dominant purple sulfur bacterium of Ebro delta microbial mats has been allowed to take place, an as yet non-identified microorganism unable to obtain in axenic culture.
When liquid enrichment cultures were prepared, the result obtained was an increase in the concentration of one morphological type, such as could be followed microscopically and corroborated by the observation of DGGE patterns. The number of bands obtained with this method was substantially lower compared to the fingerprinting that corresponds to microcosms or field samples (Fig. 2) . Liquid enrichment cultures usually favor growth of microorganisms well adapted to the prefixed conditions and frequently select those with high maximum specific growth rate under the conditions chosen. Using this enrichment approach, the purpose is to modify the physico-chemical parameters or to use different nutrients as a means of increasing the possibility of isolating many different organisms. Nevertheless, this can become a biased result, because the isolated strains are often not abundant in the field; rather, they are selected by the established culture conditions, whereas it is not possible to obtain many predominant bacteria in axenic culture.
The inability of isolating those organisms present in the natural environment may be explained as a consequence of the difficulty of finding a suitable selection medium due to the complex growth requirements that unknown organisms can have. The lack of cultivability may also be explained by the establishment of syntrophic relationships with other populations, as has been indicated by investigations carried out on phototrophic consortia where green sulfur bacteria were associated with chemotrophic populations [24] . Our results show that the development of an artificial system such as microcosms for reproducing natural conditions as much as possible, coupled to molecular methods, is the most suitable tool for improving the whole picture of the natural environment studied and to answer questions about the phylogenic affiliation of those uncultured microorganisms.
Diversity of Chromatiaceae in microbial mats in the Ebro Delta
The Chromatiaceae comprise those anoxygenic phototrophic bacteria that, under the proper growth conditions, deposit globules of elemental sulfur inside their cells [6] . This family is a coherent group, as shown by the similarity of 16S rRNA molecules [25] and lipopolysaccharides [26] . Nevertheless, they exhibit a wide phenotypical and physiological versatility. With regard to physiology, two major groups within the family can be distinguished, namely, the metabolically specialized and versatile species [5] [6] [7] . The isolation of purple sulfur bacteria from microbial mats that exhibit high metabolic versatility [4] demonstrates the success of this metabolic strategy for surviving in changing environments such as microbial mats.
Opposing gradients of oxygen and sulfide play an important role in the stratification and diversity of these anoxyphototrophic bacteria. In the Ebro Delta, sharp gradients of both environmental parameters and steep fluctuations in their vertical distribution between darklight transitions are observed. Within the upper millimeters, highly oxic conditions prevail during the light periods, whilst microoxic conditions are established throughout the night. In the lower millimiters, sulfide is always present at high concentrations [27] . This heterogeneous distribution makes feasible the utilization of a wide range of metabolic pathways that purple sulfur bacteria exhibit, and can favor the development of different populations capable of colonizing such different microhabitats within the mat.
The results presented here have shown that the diversity of members of the Chromatiaceae family in the Ebro Delta mats is high. Microscopical analysis of field samples revealed the presence of only five different morphological types, but after PCR-DGGE analysis, the number of genera detected underwent a substantial increase, 26 different sequences being retrieved. In the pink layer of the well-established mats, this taxonomic group is frequently encountered and can constitute a major fraction of the photosynthetic biomass, playing an important role as primary producers [28] . Marine and halophilic bacteria, belonging to the versatile group, represent an important fraction of the obtained assemblage. The phylogenetic affiliation of several sequences Fig. 5 . Phylogenetic tree for bands sequences obtained with specific primers for green sulfur bacteria. Escherichia coli and Erwinia amylovora were used as outgroups, but were pruned from the tree. The 16S rRNA sequences from the excised DGGE bands were placed using parsimony criteria, without changing the topology of the pre-established tree. The bar indicates a 10% estimated difference in nucleotide sequences.
retrieved showed that a number of bands (Cchr-1, Cchr-2 and Fchr-7) are clustered with M. gracile and M. purpuratum. Other bands (Achr-4 and Achr-d) are clustered with T. halophila. Sequences LEchr-1 and LEchr-2 are closely related to Thiorhodovibrio winograskyi. All of these are included in a major branch of marine and halophilic Chromatiaceae [29] . Different species belonging to this group have been isolated from different microbial mats [30, 31] illustrating the wide global distribution of the species in this kind of environments. Furthermore, it is also important to point out that three of the five morphological types observed microscopically may belong to this cluster and correspond to these bands retrieved.
Another set of sequences (i.e., Achr-c, Achr-3, Achr-5, Achr-1, Achr-a, Achr-f, Achr-2, Achr-b, Fchr-8, Fchr-2, Fchr-6, Fchr-10), forming a coherent group within c-proteobacteria, was distantly related to all known purple sulfur bacteria. Despite the large number of sequences included in this cluster, it cannot be discounted that different nucleotide sequences could actually originate from multiple ribosomal RNA (rrn) operons present in the same bacterium. None of the partial sequences matched any of the sequences corresponding to cultured organisms deposited in the databases, even exhibiting considerable sequence differences -usually larger than 3% -from any other sequence. If 3% divergence of the entire 16S rRNA gene is used to separate two bacterial species [32] , the sequences obtained may represent new bacterial species. Nevertheless, taking into account that separation by DGGE is only possible for short DNA fragments because of inherent technical limitations [33] , our phylogenetic analysis is limited to a part of the 16S rRNA gene. Therefore, an overestimation of the phylogenetic distances could occur if sequence differences are higher in the fragment sequenced than in the rest of the gene. However, many of the sequences or clusters identified in the present study were only distantly related (5-7% sequence divergence) to their closest cultured relative. Consequently, they would represent distinct species even if the remaining portion of the 16S rRNA gene were identical.
Finally, six sequences (Achr-e, Achr-h, Achr-g, Achri, Fchr-3 and Fchr-4) were related to members of the Ectothiorhodospiraceae family, which, as well as Chromatiaceae, are purple sulfur bacteria, but differ in the deposition of elemental sulfur outside their cells. Two major groups have been established as separate genera. The extremely halophilic species were removed from the genus Ectothiorhodospira and reassigned to the new genus Halorhodospira [34] . Some chemotrophic eubacteria, such as A. aquaeolei are clustered with the group of extremely halophilic species belonging to the genus Holorhodospira [35] , and some of the sequences obtained (Achr-g, Achr-h and Fchr-4) are positioned in this group. The other three remaining sequences constitute a group with several uncultured c-proteobacteria related to Ectothiorhodospira species. Different members of this family have been isolated from marine and hypersaline microbial mats, as they require or prefer saline growth conditions [36] .
It should be mentioned that phylogenetic position is not always a reliable indicator of physiological characteristics, differences of only about 2% in 16S rRNA sequence corresponding to ecologically significant physiological diversity [37] ; this is particularly true in the case of phototrophic bacteria, which are interspersed with non-photosynthetic species.
Green sulfur bacteria diversity in microbial mats in the Ebro Delta
Green sulfur bacteria constitute a very distinct coherent taxonomic group of anoxyphototrophic bacteria from purple sulfur bacteria. The members of this group require strictly anoxic conditions, need one-fourth of the light intensity of the purple sulfur bacteria in order to attain comparable growth rates and show different absorption optima than purple sulfur bacteria [38] . A microstratification of anoxygenic phototrophic bacteria with green sulfur bacteria growing below purple sulfur bacteria, such as occur in planktonic environments, could therefore be expected. It is known that syntrophic interactions also occur between both groups of phototrophic sulfur bacteria. For example, in cocultures of Chlorobium limicola and Chromatium vinosum, the oxidation of sulfide to zero-valence sulfur by the former and the subsequent oxidation of sulfur to sulfate by the later have been shown [38] . These positive interactions may be one major reason for the coexistence of purple and green sulfur bacteria in natural environments.
A green layer dominated by these anoxyphotototrophs has never been observed in the Ebro Delta microbial mats. Nevertheless, the molecular approach used here has demonstrated the presence of this group in the studied ecosystem. With reference to the identity of bands sequenced, a low diversity has been found (Table 1), five of six sequences (Achl-1, Achl-4, Cchl-1, LEchl-1 and LEchl-2) being clustered with P. aestuarii and Chlorobium vibrioforme, both of these with salt requirements that can be regarded as marine green sulfur bacteria [29] , and only one sequence (Achl-5) being grouped together with C. limicola. Green and brown Prosthecochloris have previously been detected and isolated in axenic cultures from Ebro Delta microbial mats [12] . Furthermore, P. aestuarii has been observed forming a thin layer in the microbial mats at Great Sippewissett salt marsh [8] . These results suggest that microbial mats could be regular habitats for this genus of green sulfur bacteria.
These anoxyphototrophic bacteria have not been found widely distributed in marine microbial mats either in isolation or detected as phylotypes. This fact could be explained as a consequence of its specialized metabolism that it is not compatible with such an unstable environment where physico-chemical gradients such as oxygen and sulfide change periodically, seasonally, and even during a diel cycle, preventing the establishment of a green layer due to a massive growth of green sulfur bacteria. The detection of sequences belonging to this group in this work, after only an enrichment step, means that these organisms are present in low numbers within well-developed microbial mats in the Ebro Delta. Furthermore, the utilization of an equivalent protocol of enrichment in other microbial mats, before using culture-independent methods to assess a phylogenetic characterization, could allow the detection of a wide distribution of this group in welldeveloped mats, characterized by a more stable situation over time.
In conclusion, the molecular analysis described in this report has both confirmed and extended the results of previous ecological and microbiological studies in terms of the number and diversity of bacterial types able to thrive in the Ebro Delta microbial mats. The Chromatiaceae family is widely distributed within this marine ecosystem and an important number of sequences obtained do not belong to known members of this family. On the contrary, green sulfur bacteria exhibited low diversity. When field samples were screened with specific primers for this taxonomic group, PCR products were not generated. They were only detected when enrichment cultures were used, indicating low concentration of this group in the natural environment. Microcosms are a suitable tool for the assessment of microbial diversity of those taxonomic groups, and, coupled with molecular methods, constitute an appropriate approach when microbial populations present in natural samples are low in numbers.
